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Introduction
Solar radiation passing through a canopy is exponentially attenuated. Such attenuation is inversely proportional to, among other factors, leaf area index (LAI). Accordingly, and particularly in dense forest canopies with high LAI, light gradients within the canopy subsequently lead to the formation of sun-and shade-acclimated leaves (Boardman 1977 , Lichtenthaler et al. 2007 , Rajsnerová et al. 2015 .
Particularly in changing climatic conditions, the seasonal course of photosynthesis and respiration of leaves from distinct parts of the crown must be known for upscaling and modelling of carbon fluxes in forest ecosystems, evaluation of active carbon sinks, and prediction of wood formation. Earlier studies of coniferous tree species have investigated mainly the effect of needle age on CO 2 exchange (Troeng and Linder 1982 , Beeck et al. 2010 , Urban et al. 2012a , while in situ investigation as to the relative contribution of sun-and shade-acclimated needles to total carbon uptake and its change during the growing season have received only limited attention.
Our earlier studies in dense spruce forest (e.g. Urban et al. 2007 ) revealed that 40-70 % of total leaf area may be exposed during the day to intensities of photosynthetically active radiation (PAR) below 50 µmol photons m -2 s -1 due to a mutual shading of individual shoots, branches, and trees. Such low PAR intensities together with a reduced ratio between red and far-red radiation lead to the formation of a so-called shade-acclimated canopy. As compared to sun-acclimated leaves, shade-acclimated leaves are usually thinner but have a larger area, lower number of stomata per unit leaf area, larger chloroplasts with irregularly oriented grana, higher chlorophyll and carotenoid contents per unit mass, lower conductance to CO 2 in the mesophyll, and lower nitrogen and Rubisco contents (reviewed in Boardman 1977 , Sims and Pearcy 1994 , Lichtenthaler et al. 2007 . Due to such morphological and biochemical acclimation, shade-acclimated leaves and plants usually have lower mitochondrial respiration, compensation irradiance, and light-saturated CO 2 assimilation rate. On the other hand, shade-acclimated leaves have higher quantum efficiency compared to sunacclimated leaves. It has been shown, however, that shade-acclimated leaves and plants may have higher sums of assimilated CO 2 at lower amounts of daily irradiance and/or prevailing diffuse radiation (Sims and Pearcy 1994, Urban et al. 2012b ) and thus play an important role in the carbon gain of the whole canopy or ecosystem. Moreover, high air temperature, irradiance, and vapour pressure deficit, typical for the upper parts of canopies, lead to an exponential increase in carbon respiratory losses (Doehlert and Walker 1981, Leakey et al. 2003) while stomata tend to close, thereby resulting in a reduced rate of photosynthesis (Farquhar and Sharkey 1982 , Emberson et al. 2000 , Urban et al. 2012b . Accordingly, reduced net carbon uptake by sun-acclimated leaves from the upper parts of canopies could be presumed during the summer season and particularly during hot, sunny days characterized by high temperatures and vapour pressure deficit. Here, we show seasonal changes in main photosynthetic parameters estimated in situ for sun-and shade-acclimated shoots of Norway spruce (Picea abies). The gas-exchange measurements performed at the Bílý Kříž experimental research site in the Beskydy Mts. aimed to test the hypothesis that the contribution of shade-acclimated leaves to the spruce forest's carbon gain increases during the summer season, while sun-acclimated leaves contribute to total carbon uptake particularly at the beginning and end of the growing season.
Material and Methods
The forest stand selected for this study is located at the Bílý Kříž experimental research site (Beskydy Mountains, 49°33' N, 18°32' E, north-east Czech Republic, 908 m a.s.l.) and has been described in our previous studies (e.g. Urban et al. 2007 ). This area has a cool (annual mean air temperature 6.7 °C) and humid (annual mean relative air humidity 80 %) climate with high annual precipitation (average for 2000-2009 is 1374 mm).
The forest stand (6.2 ha) consists of Picea abies (L.) Karst (99 %) and Abies alba Mill. (1 %) planted on a slope (11-16°) with SSW orientation. At the time of the physiological investigations, the stand density was 2044 trees ha -1 (leaf area index approximately 11.8 m 2 m -2 ), spruce trees were 28 years old, and their height and stem diameter at 1.3 m were 12.2 ± 0.1 m and 13.6 ± 0.1 cm, respectively (means ± standard deviation).
Shoot-level measurements
Three representative P. abies trees, selected randomly among those trees of average height, stem diameter, and leaf chlorophyll content, were used for in situ physiological measurements. Two to three 1-year-old shoots with SSW orientation were investigated in the upper canopy (4 th whorl; hereafter sun shoots) and lower canopy (10-12 th whorl; hereafter shade shoots) of each tree. The average from these two or three measurements was used for statistical analyses. The shoots were marked and measured during the whole growing season from mid-April to the end of October.
The relationships between CO 2 assimilation rate and light intensity (A-I) were estimated during extended noon hours (10:00-14:00 LMT) on clear-sky days using a Li-6400 open gas exchange system (Li-Cor, Lincoln, NE, USA). The A-I response curves were measured at constant ambient CO 2 concentration (380 µmol CO 2 mol −1 ) and a predetermined set of PAR intensities (1400, 1200, 750, 300, 160, 80, 40, 20, 10 
Modelling of physiological responses
Instantaneous rates of CO 2 assimilation were modelled as a general nonrectangular hyperbolic function of incident I according to Prioul and Chartier (1977) :
where α is the apparent quantum efficiency 
Results

Microclimatic conditions
Daily mean air temperature (T air ) during the entire year, measured at 2.0 m above the ground of an open area, ranged between −11.5 °C (February) and 25.9 °C (July). The highest temperature during the period of investigation (April 21-October 26) was observed in July and the lowest in April (0.3 °C) and October (2.6 °C; Fig. 1A) . The highest values of vapour pressure deficit (daily mean VPD of approximately 0.8-1.0 kPa) were observed in June and July.
Gas-exchange characteristics
The seasonal dynamics of A max in sun-and shade-acclimated shoots are shown in Fig. 2A . While A max of shade-acclimated shoots was relatively constant (5.5-6.9 µmol m -2 s -1
) during summer months (June-September), a clear depression of A max in sun-acclimated shoots during June and July was observed. A max of sunacclimated shoots dropped to rates of 6.5 µmol m −2 s -1 during this period followed by a substantial increase during August and September. Such changes in A max are closely related to changes in light-saturated stomatal conductance to CO 2 and H 2 O diffusion (G Smax ; Fig. 2B ).
Values of AQE measured over the period of investigation in sun-and shade-acclimated shoots varied between 0.027-0.066 and 0.037-0.076 mol CO 2 mol -1 photons, respectively (Fig.  2C) . The lowest values of AQE throughout the growing season were observed during summer, while the highest occurred in early spring and late autumn. Moreover, the AQE of sun-acclimated shoots tended to be lower as compared to shade-acclimated shoots during summer months, particularly in June and July.
Typically higher values of dark respiration rate (R D ) in sun-vs. shade-acclimated shoots were observed particularly during the summer season, with its high temperatures (Fig. 2D) . Differences in R D between sun-and shade-acclimated shoots, however, almost disappeared when temperatures decreased below 12 °C in early spring and late autumn. Light compensation irradiance (I comp ) and light saturation estimate (I sat ) also revealed different seasonal courses in sun-and shade-acclimated shoots (Fig. 3) . Sun-acclimated shoots had substantially higher values of both I comp and I sat as compared to shade-acclimated shoots during the summer months, while these differences almost disappeared at the beginning and end of the growing season. The substantial increase in I comp of sun-acclimated shoots during the spring/summer transition is particularly associated with increased R D (Fig. 2D ) and reduced AQE (Fig. 2C) values.
Discussion
In agreement with the hypothesis tested, we found reduced photosynthetic capacity as well as reduced apparent quantum efficiency in using the sun's radiant energy for carbon assimilation in sun-acclimated shoots during summer months, while these remained almost unchanged in shade-acclimated shoots.
Reduced photosynthetic capacity was associated primarily with reduced stomatal conductance. Earlier findings had shown that G Smax is particularly driven by VPD when high VPD values lead to closure of the stomatal aperture (Farquhar and Sharke 1982 , Bergh et al. 1998 ). An increased resistance to CO 2 diffusion into the leaf interior is subsequently followed by reduced intercellular and chloroplastic CO 2 concentrations and by reduced carboxylation activity of the Rubisco enzyme (Farquhar et al. 1980 , Caemmerer 2000 , Urban et al. 2012a . In contrast, oxygenation activity of the Rubisco enzyme, leading to photorespiratory CO 2 efflux, is stimulated under such growth conditions, particularly when drought is combined with high temperatures (Doehlert and Walker 1981 , Leakey et al. 2003 , Urban et al. 2012b ).
It has also been shown that the ratio between intercellular CO 2 and O 2 concentrations influences quantum yield efficiency (Ehleringer and Björkman 1977; Farquhar et al. 1980) , that is to say how efficiently solar radiation is used for carbon assimilation. At common intercellular concentrations (around 230 µmol CO 2 mol -1 and 210 mmol O 2 mol -1
), AQE declines with temperature in C3 plants because the temperature dependence of oxygenation is greater than is that of carboxylation (Caemmerer 2000 , Medlyn et al. 2002 . This is in agreement with our finding that AQE of both sun-and shade-acclimated shoots is low during summer months (approximately 0.0304-0.0452 mol CO 2 mol -1 photons) but high in early spring and late autumn (up to 0.07 mol CO 2 mol -1 photons). Due to temperature gradients within canopy profiles, we hypothesize that the higher AQE values observed in shade-than sun-acclimated shoots during summer months result from temperature gradients within canopy profiles of the investigated forest stand (Urban et al. 2012b) .
Similarly to other species, the rate of dark mitochondrial respiration in spruce shoots is highly sensitive to temperature (Stockfors and Linder 1998, Wallin et al. 2001 ) and thus exhibits a substantial seasonal course (Fig 2D) . The exponential relationship between respiration rate and temperature is often described by the parameter Q 10 , reflecting an increase in respiration rate for a 10 °C increase in temperature (Johnson and Thornley 1985, Bergh et al. 1998) . Primary metabolites, saccharides and amino acids, accumulated in leaves form the initial substrate of respiratory reactions, thus coupling photosynthetic capacity with respiration rate (Whitehead et al. 2004 , Atkin et al. 2005 . Therefore, higher temperature sensitivity of R D in sun-acclimated shoots characterized by higher photosynthetic capacity ( Fig. 2A ; Šprtová and Marek 1999 , Wallin et al. 2001 , Urban et al. 2012b ) as compared to shade-acclimated shoots may also be assumed. Indeed, Q 10 amounted to 1.72 in sun-acclimated shoots but was only 1.14 in shade-acclimated shoots (data not shown). At low temperatures, however, the rate of respiration is primarily limited by the biochemical activity of respiratory enzymes, while the substrate limitation becomes minor.
Conclusions
We have confirmed our initial hypothesis that the contribution of sun-and shade-acclimated shoots to total carbon gain changes during the growing season. We have found that the photosynthetic capacity as well as quantum efficiency of sun-acclimated shoots may be reduced during summer months, while these remain almost unchanged in shade-acclimated shoots.
Reduced photosynthetic capacity was primarily associated with reduced stomatal conductance to diffusion of gasses, while seasonal courses of mitochondrial dark respiration, quantum efficiency of photosynthetic reactions, and compensation irradiance are primarily driven by temperature. Accordingly, the differences in photosynthetic characteristics between sunand shade-acclimated shoots disappear in early spring and late autumn when temperatures decrease below 12 °C.
